Recent studies demonstrate a requirement for the Extracellular signal Regulated Kinase (ERK) mitogen-activated protein kinase (MAPK) cascade in both the induction of long-lasting forms of hippocampal synaptic plasticity and in hippocampus-dependent associative and spatial learning. In the present studies, we investigated mechanisms by which ERK might contribute to synaptic plasticity at Schaffer collateral synapses in hippocampal slices. We found that long-term potentiation (LTP) induced with a pair of 100-Hz tetani does not require ERK activation in mice whereas it does in rats. However, in mice, inhibition of ERK activation blocked LTP induced by two LTP induction paradigms that mimicked the endogenous rhythm. In an additional series of studies, we found that mice specifically deficient in the ERK1 isoform of MAPK showed no impairments in tests of hippocampal physiology. To investigate ERK-dependent mechanisms operating during LTP-inducing stimulation paradigms, we monitored spike production in the cell body layer of the hippocampus during the period of -like LTP-inducing stimulation. -burst stimulation (TBS) produced a significant amount of postsynaptic spiking, and the likelihood of spike production increased progressively over the course of the three trains of TBS independent of any apparent increase in Excitatory Post-Synaptic Potential (EPSP) magnitude. Inhibition of ERK activation dampened this TBS-associated increase in spiking. These data indicate that, for specific patterns of stimulation, ERK may function in the regulation of neuronal excitability in hippocampal area CA1. Overall, our data indicate that the progressive increase in spiking observed during TBS represents a form of physiologic temporal integration that is dependent on ERK MAPK activity.
Recent studies demonstrate a requirement for the Extracellular signal Regulated Kinase (ERK) mitogen-activated protein kinase (MAPK) cascade in both the induction of long-lasting forms of hippocampal synaptic plasticity and in hippocampus-dependent associative and spatial learning. In the present studies, we investigated mechanisms by which ERK might contribute to synaptic plasticity at Schaffer collateral synapses in hippocampal slices. We found that long-term potentiation (LTP) induced with a pair of 100-Hz tetani does not require ERK activation in mice whereas it does in rats. However, in mice, inhibition of ERK activation blocked LTP induced by two LTP induction paradigms that mimicked the endogenous rhythm. In an additional series of studies, we found that mice specifically deficient in the ERK1 isoform of MAPK showed no impairments in tests of hippocampal physiology. To investigate ERK-dependent mechanisms operating during LTP-inducing stimulation paradigms, we monitored spike production in the cell body layer of the hippocampus during the period of -like LTP-inducing stimulation. -burst stimulation (TBS) produced a significant amount of postsynaptic spiking, and the likelihood of spike production increased progressively over the course of the three trains of TBS independent of any apparent increase in Excitatory Post-Synaptic Potential (EPSP) magnitude. Inhibition of ERK activation dampened this TBS-associated increase in spiking. These data indicate that, for specific patterns of stimulation, ERK may function in the regulation of neuronal excitability in hippocampal area CA1. Overall, our data indicate that the progressive increase in spiking observed during TBS represents a form of physiologic temporal integration that is dependent on ERK MAPK activity.
Although evidence from studies of hippocampal synaptic plasticity and of the behaving animal indicates that activation of protein kinases contributes to the formation of memories, the underlying signal transduction mechanisms remain largely unknown. In particular, although a variety of studies with protein kinase inhibitors demonstrate a necessity for protein kinase activation in the induction of longterm potentiation (LTP) in hippocampal area CA1, the basis for kinase inhibitors blocking LTP induction is unclear. The pluripotent nature and structural diversity of most second messenger-regulated kinases make it difficult to determine precisely which downstream targets and physiologic effects are necessary components of kinase regulation of LTP induction.
An increasing number of studies of late have investigated the role of the ERK mitogen-activated protein kinase (MAPK) cascade in hippocampal synaptic plasticity. Several laboratories have demonstrated that inhibitors of ERK MAPK activation, that is, inhibitors of the dedicated upstream regulator of ERK Mitogen and Extracellular signal regulated Kinase (MEK), block the induction of N-Methyl-D-Aspartate (NMDA) receptor-dependent LTP. In the present studies, we sought to begin to extend these studies by investigating two aspects of ERK involvement in LTP. First, ERK comprises two isoforms, ERK1 (p44 MAPK) and ERK2 (p42 MAPK). We determined that genetic deletion of the ERK1 isoform did not diminish LTP induction at Schaffer collateral synapses. Second, we sought to increase our understanding of how it is that loss of ERK activation leads to a diminution of LTP induction. In these studies, using -burst pattern stimulation, we found that TBS causes an acute increase in the likelihood of action potential firing over the course of the -pattern stimulation. This increase in action potential firing, a form of temporal integration, was significantly attenuated by inhibition of ERK activation. Thus, our data indicate the hypothesis that one component of ERK inhibitor blockade of LTP induction is blockade of an ERK-dependent temporal integration mechanism controlling postsynaptic action potential firing in hippocampal pyramidal neurons.
for LTP. As all of our prior LTP studies had been performed using rats, to analyze synaptic plasticity in the mouse model system, we examined tetanus-induced hippocampal LTP of the Schaffer collateral-CA1 pyramidal cell synapse in mouse hippocampal slices. Tetanus-induced LTP is an activity-dependent form of plasticity in which brief trains of highfrequency stimulation (HFS) elicit a long-lasting increase in synaptic efficacy (Bliss and Lomo 1973) . In both rats and mice, LTP is reliably induced in area CA1 of the hippocampus following a stimulation paradigm consisting of two trains of 1-s, 100-Hz tetani. A selective inhibitor of the ERK/ MAPK cascade, PD098059, was recently found to block the induction of this form of LTP in the rat hippocampus (English and Sweatt 1996) . In order to test whether MAPK plays an equally important role in the mouse, we evaluated the effect of inhibitors of MAPK activation on LTP in mouse hippocampal slices.
Slices were exposed to an inhibitor of MEK (20 µM U0126), or to vehicle (0.1% dimethyl sulfoxide [DMSO] ) for 1 h prior to standard LTP-inducing tetanic stimulation. Surprisingly, inhibiting MAPK activation produced no effect on LTP induced with this high-frequency tetanic stimulation ( Fig. 1A ; 45 min after tetanization: 148.5 ± 9.2% of baseline for vehicle-treated slices vs. 156.8 ± 10.2% for U0126-treated slices, respectively; P > 0.05). Similar results were obtained using a second MEK inhibitor, SL327 (10 µM SL327; 45 min after tetanization: 144.0 ± 7.3% of baseline for SL327-treated slices; P > 0.05). These findings indicate that LTP induced with a pair of 100-Hz tetani does not require ERK activation in mice. Comparing these findings with previously published results using rat hippocampus indicates the possibility that rats and mice do not use identical molecular mechanisms for the induction of this particular form of synaptic plasticity. In fact, in parallel experiments using rat hippocampal slices maintained side-by-side in the same slice chamber, and so forth, we observed a blockade of LTP induction in rat slices using the identical stimulation protocol ( Fig. 1B ; 45 min after tetanization: 153.9 ± 7.1% of baseline for vehicle-treated slices vs. 115.0 ± 12.5% and 117.9 ± 8.0% for SL327-and U0126-treated slices, respectively; P < 0.0001 for both MEK inhibitors).
To be sure that the 100-Hz protocol was not eliciting an NMDA-receptor independent form of LTP in the mouse slices, we tested as a control the effect of the NMDA antagonist Amino-Phosphono Valeric Acid (APV) on LTP induced with this high-frequency tetanic stimulation. The NMDA antagonist was applied to slices 1 h prior to stimulation, and, as expected, 50 µM APV completely blocked LTP in both mouse and rat hippocampal slices ( Fig. 2A,B ; 45 min after tetanization: 105.6 ± 8.9% [P < 0.0001] and 111.4 ± 7.4% [P < 0.0001] of baseline, respectively). These findings confirm that LTP-induced with a pair of 100-Hz tetani is NMDA receptor-dependent in the mouse under our experimental conditions. We also wanted to be certain of the efficacy of the MEK inhibitor U0126 in blocking ERK activation. Therefore, the ability of U0126 to block cAMP-stimulated ERK activation was also tested. Twenty micromolar U0126 completely blocked elevation of phospho-ERK levels following treatment with 50 µM forskolin in area CA1 of hippocampal slices prepared from mice (Fig. 3) . Thus, it appears that the lack of LTP blockade by MEK inhibitors does not result from an inability of U0126 to effectively block ERK activation.
Mice are notoriously variable depending on their particular genetic background strain, and strain differences in signal transduction pathways have been reported (Paylor et al., 1996; Crawley et al. 1997) . To ensure that a lack of effect of MEK inhibitors on HFS-induced LTP was not limited to a particular mouse strain, the LTP experiments were conducted with hippocampi from two additional mouse strains: another inbred strain, 129/SvImJ, and an outbred Figure 1 100-Hz long-term potentiation (LTP) does not require ERK activation in mouse hippocampus. (A) LTP induced with a pair of 100-Hz tetani in mouse hippocampal slices in the presence of either vehicle (n = 19), 10 µM SL327 (n = 11), or 20 µM U0126 (n = 10). Inset, representative traces from vehicle-and SL327-treated mouse slices before (gray) and after (black) tetanization. Scale bars are 1 mV by 8 msec. (B) LTP induced with this same induction protocol in rat hippocampal slices in the presence of either vehicle (n = 10), 10 µM SL327 (n = 7), or 20 µM U0126 (n = 5). Inset, representative traces from vehicle-and SL327-treated mouse slices before (gray) and after (black) tetanization. Scale bars are 1 mV by 8 msec. fEPSP = field Excitatory Postsynaptic Potential
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Cold Spring Harbor Laboratory Press on November 4, 2016 -Published by learnmem.cshlp.org Downloaded from strain, CD1. As with the C57BL/6 mice, the MEK inhibitors failed to impair LTP in hippocampal slices from these mice (data not shown), indicating that this is not merely a strain effect.
MEK Inhibition Impairs LTP Induced by Stimulation in the Frequency
We also tested other LTP induction protocols to determine their ERK dependence. On the basis of the potential behavioral importance of the hippocampal rhythm, we decided to focus on LTP induction paradigms that mimicked this endogenous activity (Larson et al. 1986 ). One such paradigm effective at producing LTP in the mouse hippocampus involves brief stimulation in the frequency range. Specifically, the -frequency stimulation (TFS) protocol that we used consisted of 30 sec of 5-Hz stimulation (Fig. 4A ). This stimulation protocol evoked stable LTP in vehicle-treated slices ( Fig. 4B ; 45 min after tetanization: 151.26 ± 8.10% of baseline). Unlike the HFS-LTP, however, blockade of ERK activation with 20 µM U0126 significantly suppressed the induction of LTP induced with this TFS (45 min after tetanization: 121.25 ± 5.40% of baseline; P < 0.001).
Having shown that ERK activation contributes to LTP induced with TFS, we investigated the effect of MEK inhibition on a similar -frequency-based pattern of stimulation. This stimulation protocol, known as TBS, was designed to more accurately mimic the typical firing pattern of hippocampal pyramidal neurons during (Larson et al. 1986 ). TBS consisted of three trains of 10 pulses of four 100-Hz bursts delivered at 5 Hz with an intertrain interval of 20 sec (Fig.  5A ). In response to this stimulation, vehicle-treated control slices exhibited robust LTP ( Fig. 5B ; 45 min after tetanization: 157.51 ± 7.89% of baseline). In slices preexposed to U0126, however, induction of LTP was blocked, indicating a requirement for ERK activation in this form of LTP (45 min after tetanization: 120.28 ± 7.03% of baseline; P < 0.0001). Taken together with our previous LTP experiments, these data indicate that, in mice, ERK activation is selectively necessary for distinct forms of LTP and its involvement depends on the pattern of stimulation used to evoke LTP.
Effects of MEK Inhibitors on Acute Changes in Action Potential Firing With LTP-Inducing Stimulation
Because of the differential sensitivity to MEK inhibition displayed by the three LTP induction protocols tested, it appeared that ERK was involved selectively in distinct forms Hippocampal slices prepared from rat brains were exposed to the same LTP-induction paradigm in the presence of either vehicle (n = 6) or 50 µM APV (n = 5). HFS-LTP was completely blocked by the NMDA receptor antagonist in both sets of hippocampal slices. fEPSP = field Excitatory Postsynaptic Potential Figure 3 MEK inhibitors effectively block ERK activation in the mouse hippocampus. Representative Western blots and densitometric analysis of ERK2 (p42 mitogen-activated protein kinase) activation in area CA1 of mouse hippocampal slices treated with vehicle (C; gray bar, n = 8), 20 µM U0126 (+U0; white bar, n = 9), 50 µM forskolin (FSK; black bar, n = 6), or forskolin plus U0126 (FSK+U0; striped bar, n = 6). **P < 0.001. (Winder et al. 1999; Watabe et al. 2000; Dudek and Fields 2001) ; therefore, we investigated the effect of these LTP-induction protocols on neuronal action potential firing and whether ERK activity played any role in this phenomenon. Evaluating the level of action potential production in the field recordings required a more accurate readout of somatic activity than dendritic or synaptic activity. Therefore, for these experiments, we positioned the recording electrode in stratum pyramidale of area CA1 rather than in stratum radiatum. In order to quantify action potential firing during the TBS, we analyzed field recordings by counting the number of population spikes generated in each burst of four pulses. In setting criteria for what would constitute a spike, we chose to define a spike as any downward deflection within the EPSP that extended below baseline.
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In vehicle-treated control slices, no population spikes meeting this criterion were generated during the first burst of four pulses (Fig. 6A) . However, the likelihood of evoking action potentials increased dramatically over the course of the three trains of TBS. By the end of the third train of 10 bursts, roughly three spikes were generated in response to each burst of stimulation (Fig. 6A) . These data indicate that TBS produces a progressive increase in the excitability of area CA1 pyramidal neurons, such that the response of these neurons to the same stimulus increases over the course of stimulation.
When hippocampal slices were exposed to 20 µM U0126, the production of population spikes during TBS was significantly attenuated. As with control slices, U0126-treated slices displayed few spikes in response to the first 
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burst of pulses ( Fig. 6B ). Over the course of the three trains of bursts, action potential production in these hippocampal slices increased but at a slower rate than in control slices ( Fig. 6C ). During the third train of bursts, the mean number of population spikes observed in control slices was more than twice the average seen in slices exposed to the MEK inhibitor. These data indicate a role for ERK activation in acute regulation of the likelihood of action potential firing during TBS. In an additional series of studies, we assessed the NMDA receptor dependence of the increased action potential firing over the course of the TBS. As expected, the NMDA receptor antagonist APV (50 µM) blocked LTP induction (data not shown; see also Fig. 2 ). NMDA blockade also significantly attenuated but did not completely block the increased action potential firing during the period of TBS (Fig. 7) . These data indicate that the ERK-dependent temporal integration process operating during TBS could be downstream of the NMDA receptor. In a companion experiment to this series, we attempted to determine if modulation of Gamma Amino Butynic Acid (GABA)-ergic transmission contributed to ERK-dependent increases in action potential firing during TBS (Costa et al. 2002) . However, in these studies, blockade of GABA receptors with bicuculline (plus 4 mM magnesium) led to large increases in cellular excitability that precluded assessment of the time-dependent increases in action potential firing over the course of the TBS protocol (see Fig. 7 ), although there was some detectable activity-dependent increase in action potential firing even in the presence of bicuculline. Population spike counts recorded in stratum pyramidale of hippocampal area CA1 during TBS in slices pretreated with vehicle (n = 13 slices) or 20µM U0126 (n = 11 slices). Slices exposed to vehicle showed a progressive increase in spike generation during TBS; administration of U0126 impaired this enhanced spiking.
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To ascertain if the ERK-dependent temporal integration process is downstream of NMDA receptor activation, we examined whether conjoint application of APV and U0126 would lead to further reductions in activity-dependent increases in action potential firing. In other words, we determined if U0126 could block the residual increase in spiking that occurred in the presence of APV. We found that U0126 further reduced the TBS-associated increase in spiking with APV present (Fig. 7) . These data indicate that there are additional NMDA receptor-independent, ERK-dependent processes operating as a temporal integration mechanism with TBS induction of LTP.
In our next series of experiments, we assessed population spikes during the TFS protocol. For these experiments, we used a dual-recording electrode technique. The stimulating electrode remained in hippocampal area CA3 and activated Schaffer collateral fibers innervating area CA1. One recording electrode was positioned in stratum radiatum of area CA1, whereas another electrode was placed in stratum pyramidale. For each stimulus, the initial slope of the EPSP recorded in stratum radiatum and the amplitude of the population spike recorded in stratum pyramidale were measured during the 5-Hz, 30-sec TFS paradigm.
TFS (5 Hz, 30 sec) also resulted in a short-lived change in population spikes during the 30 sec of 5-Hz stimulation. In Figure 8A , recordings are shown from stratum pyramidale of hippocampal area CA1. The five responses within each second of stimulation were binned and averaged, resulting in 30 EPSP traces (Fig. 8A ). For each averaged trace, the EPSP slope and population spike amplitude were measured. For roughly the first 20 sec of the stimulation, the amplitude of the population spike increased dramatically. Meanwhile, over this same time period, the EPSP slope recorded in stratum radiatum gradually declined. Therefore, the ratio of the population spike amplitude to the EPSP slope increased over time, indicating EPSP-to-spike potentiation (E-S potentiation; Fig. 8C ).
Spike-EPSP ratios were also monitored in slices exposed to the MEK inhibitor U0126. In these slices, the amplitude of population spikes during TFS increased significantly, peaking at ∼ 20 sec (Fig. 8B) . As in vehicle-treated slices, EPSP initial slopes also diminished over time in response to TFS. Therefore, the spike:EPSP ratio increased in these slices, showing no overall difference between vehicleand U0126-treated slices (Fig. 8C) , although there was a distinct trend toward U0126 diminishing the increase in spike firing at early time points in TFS. These data indicate that, although ERK is necessary for TFS-LTP, it may not be critical in altering neuronal excitability as appears to be true in the -burst protocol. However, we certainly cannot eliminate the possibility that the early attenuation we observed with MEK inhibition contributes to the effect of U0126 in blocking TFS-LTP.
Characterization of ERK1 Null Mice
Results from the previous section help establish the ERK isoforms of MAPK as critical players in certain forms of hippocampal plasticity (e.g., mouse TBS-LTP). However, the relative contributions of the two ERK isoforms to hippocampal synaptic plasticity have not been addressed. In the mouse hippocampus, as in the rat hippocampus, stimulation of the cAMP cascade leads to activation of both ERK1 and ERK2 (see Fig. 3 ). However, on the basis of the relative levels of phospho-ERK detected in these assays, ERK2 ap- 
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pears to be the predominant isoform phosphorylated following cAMP-dependent Protein Kinase stimulation or in the basal condition. If ERK2 is indeed preferentially activated in the hippocampus, what role is the ERK1 isoform of MAPK playing in synaptic plasticity? The availability of ERK1 knockout mice provided a powerful tool with which to assess the specific function of this isoform at the level of the synapse. Therefore, we performed physiological characterization of the hippocampus from these mutant mice with an emphasis on probing the role of ERK1 in TBS-induced LTP at the CA3-CA1 synapse.
We have previously reported that loss of the ERK1 isoform of MAPK had no deleterious effect on baseline synaptic transmission, paired-pulse facilitation, and HFS-induced LTP at Schaffer collateral synapses (Selcher et al. 2001) . These results indicate that ERK1 is not necessary for , the drug appears to have little effect on the enhancement of the population spike during the stimulation paradigm. (C) Transient E-S potentiation during TFS in the mouse hippocampus. The ratio of the population spike (measured in stratum pyramidale) to the EPSP slope (measured in stratum radiatum) was investigated during TFS. Over the course of the 30 sec of stimulation, the pSpike:EPSP ratio was enhanced. This alteration in E-S coupling was characterized by a gradual decline in the EPSP slope in conjunction with increasing population spike amplitude during TFS. The data was normalized to the initial S-E ratio measured 1 sec into the LTP-inducing stimulation.
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www.learnmem.org normal hippocampal synaptic transmission and is not an integral component of the machinery underlying short-term plasticity. Similarly, in these previous experiments, HFS-LTP induced with two 1-sec, 100-Hz tetani separated by 20 sec was not different between ERK1 knockout mice and littermate controls in either post-tetanic potentiation or HFS-LTP (Selcher et al. 2001) . Because the MEK inhibitor study described earlier indicates that overall ERK activation is not necessary for HFS-LTP in the mouse hippocampus, in retrospect, this is not a particularly surprising result.
In the present studies, MEK inhibition did, however, impair LTP induced with the two protocols we used earlier. Therefore, we tested whether ablation of the ERK1 gene had any effect on an ERK-dependent form of LTP. Bursts of HFS delivered at the frequency (TBS) produced stable LTP in hippocampal slices taken from littermate control mice ( Fig. 9A ; 45 min after TBS: 135.3 ± 7.2% of baseline). ERK1 null mice exhibited LTP indistinguishable from that of controls in response to the TBS paradigm (45 min after TBS: 138.3 ± 10.2% of baseline for ERK1 knockout slices; P > 0.05). Based on our previous characterization of these mice, the lack of an LTP phenotype would not appear to be due to any compensatory change in ERK2 protein levels or enhanced ERK2 activation in the ERK1 knockout mice (Selcher et al. 2001) . To directly test the possibility of compensation in the ERK1 knockout mice, we assessed the effect of pharmacological inhibition of MEK on burst LTP in these ERK1-deficient mice. Application of 20 µM U0126 produced a similar attenuation of TBS-LTP in the ERK1 knockout and wild-type slices (45 min after TBS: 117.9 ± 4.9% of baseline for ERK1 knockout slices treated with U0126; P < 0.01; data not shown). These data indicate a specific role for ERK2 activation in TBS-LTP. However, one caveat is that, compared with the amount of LTP obtained in C57BL/6 controls during the inhibitor studies, the average LTP elicited in wild-type 129/SvImJ control slices was noticeably lower, indicating that the 129/Sv background strain is not a particularly good choice for plasticity studies. Despite this technical caveat, these data generally support the hypothesis that area CA1 hippocampal LTP is not dependent on the activity of the ERK1 isoform of MAPK.
In an additional series of experiments, we found that with frequency (5 Hz, 30 sec) stimulation, only very modest potentiation was induced in wild-type slices (45 min after TFS: 117.9 ± 6.0% of baseline, data not shown). Hippocampal slices taken from ERK1 knockout mice also exhibited a meager amount of LTP in response to TFS and there was no statistical difference between the two sets of mice (45 min after TFS: 106.2 ± 3.0% of baseline; P > 0.05). However, because of the lack of robust LTP in control slices, an impairment would have been difficult to detect and thus the existence of a deficit in this form of LTP remains a possibility. This was not the first demonstration of reduced LTP in mice on a 129/Sv background (Nguyen et al. 2000) , but this possible strain effect does confound interpretation of the results of these experiments.
Although the results we described earlier indicate that the ERK1 isoform of MAPK does not play a predominant role in synaptic plasticity, those particular experiments focused entirely on the synaptic aspect of LTP, increases in EPSP slope. The experiments in the previous section indicate that ERK plays a role in the regulation of neuronal Figure 9 Long-term potentiation (LTP) is unimpaired in ERK1 knockout mice. High-frequency stimulation-LTP is unimpaired in ERK1 knockout mice. (A) Mice lacking the ERK1 isoform display normal -burst stimulation (TBS)-LTP. -burst stimulation consists of three trains of 10 high-frequency bursts delivered at 5 Hz. LTP induced with TBS (TBS-LTP) was normal in ERK1 knockout mice (n = 10 slices) compared with wild-type controls (n = 14 slices). The three arrows represent the three TBS trains. fEPSP = field Excitatory Postsynaptic Potential (B) ERK1 null mice exhibit normal postsynaptic spiking during TBS. Population spike counts recorded in stratum pyramidale of hippocampal area CA1 during TBS in slices taken from ERK1-deficient mice (n = 8 slices) or wild-type controls (n = 14 slices). Both sets of slices showed significant increases in action potential firing, and there was no difference in spike counts between the two strains.
ERK in Temporal Integration
www.learnmem.org excitability; therefore, we performed an additional experiment to determine if loss of the ERK1 isoform of MAPK was involved in acute alterations in population spike production with -burst LTP induction protocols. For this experiment, we again recorded from stratum pyramidale and counted the number of population spikes generated during TBS-LTP. Similar to the results described earlier, stimulation during the first burst of pulses did not lead to action potential generation in control slices taken from wild-type littermates (Fig. 9B ). The likelihood of firing an action potential increased rather quickly during TBS-LTP. These data confirm the finding in the previous section indicating that TBS produces a progressive increase in the excitability of the postsynaptic hippocampal neurons. Unlike the pharmacologic manipulation of the ERK MAPK cascade, the specific genetic targeting of the ERK1 isoform in the knockout mice had no effect on spike generation. In a manner almost identical to controls, hippocampal slices from ERK1 knockout mice exhibited a progressive increase in the likelihood of firing an action potential during TBS (Fig. 9B) . By the end of the third train of stimulation, each burst generated roughly 2.5 spikes per burst. There was no significant difference between the spiking observed in ERK1 null mice compared with wild-type controls. These data indicate that, although ERK appears to be a critical modulator of the enhanced spiking in general (see Fig. 6 for comparison) , the presence of the ERK1 isoform of MAPK is not critical to this function; in other words, ERK1 does not appear to play a predominant role in regulating action potential generation during TBS.
DISCUSSION
Considerable evidence already exists implicating ERK in various forms of synaptic plasticity in a wide variety of systems. Long-term facilitation of the sensory-motor neuron synapse in Aplysia causes translocation of ERK into the nucleus of presynaptic neurons. Furthermore, inhibition of ERK by either anti-MAPK antibodies or MEK inhibition blocks long-term, and short-term, facilitation of the sensorymotor synapse (Martin et al. 1997; Michael et al. 1998; Chin et al. 2002) . ERK has also been shown to be activated during an in vitro Pavlovian conditioning paradigm in Hermissenda, and this activation is blocked by pretreatment with PD098059 (Crow et al. 1998) . In addition to the present study, activation of the ERK isoforms of MAPK have been demonstrated to be necessary for the induction of NMDA receptor-dependent LTP in area CA1 of the hippocampus Sweatt 1996, 1997; Atkins et al. 1998; Impey et al. 1998; Winder et al. 1999; Wu et al. 1999 ; but also see Liu et al. 1999) , NMDA receptor-independent LTP in area CA1 (Kanterewicz et al. 2000) , LTP in the dentate gyrus (Coogan et al. 1999) , LTP in vivo (Davis et al. 2000; Rosenblum et al. 2000) , and LTP of the amygdalar inputs into the insular cortex (Jones et al. 1999 ). In addition, long-term depression in the rat hippocampus is associated with long-lasting decreases in ERK immunoreactivity .
Given the requirement for ERK in a wide variety of forms of hippocampal synaptic plasticity and in relevant learning tasks at the behavioral level, we focused on improving our understanding of the mechanisms by which ERK contributes to the induction of lasting changes in synaptic strength. To this end, we inhibited ERK activation in the mouse hippocampus and tested the effect of this pharmacological manipulation on the induction of long-term potentiation.
Surprisingly, inhibiting ERK activation appears to produce differential effects, depending on the species, on hippocampal long-term potentiation induced with an HFS protocol consisting of two trains of 1-sec, 100-Hz tetani. In vehicle-treated hippocampal slices from rats, HFS results in a significant and stable increase in the initial slope of the EPSP. In a number of previous studies, this enhancement in synaptic strength was found to be blocked by application of any of three MEK inhibitors: SL327, PD098059, or U0126 (English and Sweatt 1997; Atkins et al. 1998; Wu et al. 1999) . In the present studies on the mouse hippocampus, however, MEK inhibitors had no effect on LTP induced with this high-frequency tetanic stimulation. These findings indicate that LTP induced with a pair of 100-Hz tetani requires ERK activation in rats but not in mice. This would then indicate the novel idea that these two closely related species do not use identical molecular mechanisms for the induction of this particular form of synaptic plasticity.
In a separate set of experiments, the ability of the MEK inhibitor U0126 to block cAMP-stimulated ERK activation in mice was also tested. Previously, Roberson et al. (1999) demonstrated that MEK inhibitors were effective at attenuating forskolin-induced increases in ERK activation in area CA1 of the rat hippocampus. As in the rat, 20 µM U0126 completely blocked stimulated phospho-ERK levels following treatment with 50 µM forskolin in area CA1 of hippocampal slices prepared from C57BL/6J mice. Thus, it appears that the disparate LTP results do not stem from differential efficacy of the MEK inhibitors in the two systems.
The behavioral relevance of traditional HFS paradigms such as the one described earlier (two trains of 1-sec, 100-Hz tetanic stimulation) has been questioned in light of the fact that this amount of activity would rarely, if ever, occur in a normal brain. However, LTP in the hippocampus can also be induced with naturalistic patterns of stimulation that emulate the firing pattern of hippocampal pyramidal neurons. This natural brain rhythm, called the rhythm, occurs as a rhythmic oscillation in hippocampal activity in the 4-12-Hz range during exploratory locomotor behaviors (Bland et al. 1984) : Short bursts of 100-Hz stimulation delivered at 200 msec intervals (to fall within the 4-12 Hz range) effectively induce LTP lasting weeks in vivo (Larson et al. 1986; Staubli and Lynch 1987) .
We tested the effect of MEK inhibition on two LTP induction protocols that mimicked the endogenous rhythm. Unlike the results obtained with LTP induced by high-frequency tetani, LTP induced by patterned stimulation in the frequency required ERK activation. U0126-treated slices showed impaired (but not completely blocked) LTP elicited by "TFS" consisting of stimulation at 5 Hz for 30 sec. These data are consistent with results obtained by Winder et al. (1999) and Watabe et al. (2000) , who have also demonstrated a regulatory role for ERK in this form of LTP. ERK was also found to be necessary for LTP induced with a TBS protocol (high-frequency bursts at 5 Hz), in good agreement with these findings.
Taken together, these findings build a convincing argument for a requirement of the ERK isoforms of MAPK in the molecular events that underlie information storage at both the synaptic and behavioral levels. Another goal of the present study was to address the specific contribution of one of these ERK isoforms. To this end, ERK1 knockout mice were tested using TBS protocols.
One important caveat to this study, as with other studies involving knockout animals, involves developmental effects of the mutation. The fact that the gene and its product were missing throughout development means that the knockout affects every ERK1-dependent function during development. Because the ERK MAPK pathway is so important developmentally, the potential for these types of effects was especially worrisome. In a previous study, we analyzed whether the absence of ERK1 during development allowed compensatory mechanisms to emerge that could potentially mask the normal role of ERK1. In our previous study, we found that ERK1 null mice, however, appeared to show normal anatomical and functional development (Selcher et al. 2001) . Similarly, no obvious compensatory changes were seen in the basal levels of ERK2 or in stimulated levels of phosphorylated ERK2 in the hippocampi of knockout mice.
Mice deficient in ERK1 also showed no impairments in tests of hippocampal physiology. The present studies, combined with our prior results , show that ERK1 knockout mice display normal synaptic transmission, short-term plasticity, and long-term plasticity, as tested with three different LTP induction paradigms. Both HFS and TBS paradigms produced significant LTP in ERK null mice that was indistinguishable from controls. A recent study examining a different ERK1 knockout mouse was, for the most part, consistent with our hippocampal slice physiology results (Mazzucchelli et al. 2002) . As in our studies, this group found no impairment in LTP induced with tetanic stimulation in ERK1 mutant mice. Although TBS produced significantly less LTP in their ERK1 null mice compared with C57BL/6 wild-type controls, the effect was quite modest and not qualitatively different than the results we report here. Interestingly, the ERK1 knockout mice examined in the Mazzucchelli study did exhibit a robust increase in LTP at neocortical inputs to the nucleus accumbens, indicating that ERK1 may play a more essential role in synaptic plasticity in the striatum.
Thus, these studies, coupled with a number of recent findings, indicate that ERK2 may be more selectively involved in mammalian learning. Relative to ERK1, for example, the ERK2 isoform of MAPK shows higher basal levels of activation in the hippocampus, as assessed using phospho-selective antibodies (demonstrated in Fig. 3 of the present paper). Hippocampal ERK2 also displays a high degree of responsiveness to a variety of signal transduction pathways critical to synaptic plasticity and learning (Roberson et al. 1999; Schmid et al. 1999; Norman et al. 2000) . More interestingly, perhaps, selective activation of ERK2 has been previously demonstrated following induction of a physiological model for learning. In these experiments, phospho-ERK2 but not phospho-ERK1 levels were significantly increased in area CA1 of the rat hippocampus 1 h after delivery of LTP-inducing tetanic stimulation (English and Sweatt 1996) . The preferential activation of the ERK2 isoform of MAPK in the same region of the rat hippocampus was also observed in experimental animals 1 h after exposure to contextual fear conditioning (Atkins et al. 1998) .
A Role for ERK in Regulating Activity-Dependent Increased Action Potential Firing
To investigate ERK-dependent mechanisms operating during LTP-inducing stimulation protocols, we monitored spike production in the cell body layer of the hippocampus during the period of -like stimulation. In field recordings, population spikes signify synchronous firing of action potentials in the postsynaptic CA1 pyramidal neurons. Baseline, low-frequency stimulation at test stimulus intensity rarely resulted in the generation of prominent population spikes. However, TBS produced a significant amount of postsynaptic spiking. On further analysis, we found that the likelihood of spike production increases progressively over the course of the three trains of TBS in this LTP induction protocol. This increase in the response of the postsynaptic cell indicates that stimulation results in a significant acute increase in CA1 pyramidal cell excitability, although other possibilities such as altered GABAergic modulation should also be considered.
Is this increase in spike firing really due to a change in excitability? One alternative possibility would be that synaptic facilitation was the true cause of the increased postsynaptic response. If the amplitudes of the individual EPSPs were enhanced during TBS, the additive effect of larger depolarizations on the soma might be sufficient to trigger action potentials independent of a change in postsynaptic excitability. Because enhanced EPSPs are documented following this stimulation (see Fig. 6 , for example), this alternative to increased excitability is certainly conceivable. In-
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deed, paired-pulse facilitation data from the mouse hippocampus demonstrates an ∼ 30% increase in the initial slope of the second of two EPSPs when two pulses are delivered with an interstimulus interval of 200 msec. However, this reveals little about what happens during repeated trains of stimulation. Inspection of the traces recorded in the cell body layer during stimulation reveals no increase in the amplitude or slope of the field EPSPs within a train. In fact, the field recordings indicate that the field EPSPs diminish over the course of each 10-burst train; in other words, the slices exhibit synaptic depression rather than synaptic facilitation. This finding indicates that the enhanced response to the bursts of stimulation cannot be attributed to an increase in synaptic input and likely represents an increase in excitability.
Inhibition of ERK activation dampened TBS-induced increases in excitability. By the end of the TBS, action potential firing in U0126-treated hippocampal slices was attenuated to half the level observed in vehicle-treated control slices. These data indicate that, for specific patterns of physiologic stimulation, ERK may function in the regulation of neuronal excitability in hippocampal area CA1. This interpretation is in good agreement with prior studies by Winder et al. (1999) and Watabe et al. (2000) , who reached a similar conclusion based on studies of TFS in area CA1.
Interestingly, U0126-treated slices were unimpaired in their response to the first burst of all three 10-burst trains (see Fig. 6 ). One explanation for this observation would be the existence of two different mechanisms underlying the increased excitability produced by TBS. If this speculation is true, the data indicate that one mechanism might explain the increase in excitability over the course of each train. This ERK-dependent enhancement occurs over a 2-sec time period (10 bursts delivered at 5 Hz) and appears to decay during the 20-sec delay between TBS trains. The other mechanism would seemingly be independent of ERK and would be responsible for the overall rise in excitability seen from one TBS train to the next (in Fig. 6C , compare bursts #1,11, and 21).
Uncertainty remains regarding what role the additional action potential firing plays in LTP. The necessity for postsynaptic spiking in LTP induced with "-like" stimulation protocols has been previously addressed (Thomas et al. 1998 ). Thomas and colleagues demonstrated that frequency (5 Hz) stimulation induced both complex spike bursting, a characteristic mode of hippocampal action potential firing in vivo, and LTP. This LTP could be blocked by pharmacologic manipulations that specifically eliminated the complex burst spiking without affecting single action potential generation. This result indicates a requirement for postsynaptic spiking in LTP induced with TFS.
Using a stimulation protocol similar to the one used in Thomas et al. (1998) , we examined postsynaptic excitability during TFS of CA3 afferents onto CA1 pyramidal cells.
Instead of counting spikes, as was done with the TBS protocol, the EPSP slopes and population spike amplitudes from traces acquired during TFS stimulation were analyzed. The ratio between these two measures changed dramatically over the course of the 30 sec of 5-Hz stimulation, indicating an increase in the spike-to-EPSP ratio during the first 20 sec of stimulation. This increase in excitability disappeared during the final 10 sec of stimulation, as synaptic depression severely dampened postsynaptic responses. Although ERK activation was necessary for LTP induced with TFS, application of U0126 had no significant effect on either the increases in population spike amplitude or the corresponding increase in EPSP-spike coupling, indicating that ERK may be playing a different role in this form of LTP than it is in the TBS-LTP paradigm. However, we should note that there is an effect of MEK inhibition on spike generation early in TFS (see times 0-12 sec in Fig. 8C ), which should not be discounted as potentially contributing to the block of TFS-LTP.
The progressive increase in spiking observed during TBS represents a prime illustration of temporal integration. Delivery of the first stimulus pulse in the TBS induction tetani did not produce a sufficient effect postsynaptically to fire an action potential. However, the biochemical processes activated by this stimulus do not terminate instantaneously, but rather decay over time. The initial stimulus pulse may serve to amplify subsequent stimuli, thereby enhancing the effect of each successive stimulus pulse. Thus, temporal integration may serve as a mechanism by which multiple, spaced tetanic stimuli (e.g., TBS) can produce unique effects, such as increased postsynaptic spike generation. The fact that MEK inhibitors attenuate this increased spiking strongly indicates that ERK is functioning as a component of a temporal integrator in response to TBS.
If ERK is functioning as a temporal integrator, how exactly does it amplify the effects of subsequent stimuli? More specifically for TBS, what effector is ERK acting on to enable the increased spike generation? Potassium (K + ) channels serve as the principal regulators of membrane excitability in the central nervous system, and potassium channels can also regulate membrane excitability via their influence over the size and shape of action potentials as they back-propagate into the dendrites. The decreasing amplitude of action potentials as they back-propagate into the dendrites results from an increasing density of transient Atype K + channels with distance from the soma (Hoffman et al. 1997) . We hypothesize that modulation of A-type channels, specifically the Kv4.2 isoform, contribute to the ERKmediated acute alteration in pyramidal neuron excitability, as these channels are known to be substrates for ERK (Adams et al. 2000) . Recent evidence from Johnston and colleagues supports this idea by demonstrating that MEK inhibitor application leads to down-regulation of A-type K + currents in CA1 pyramidal neurons and reduces the boost-
ing of dendritic action potentials by EPSPs (Watanabe et al. 2002; Yuan et al. 2002) . Other potential mechanisms that could subserve the increased spike production during stimulation include modulation of sodium (Na + ) channels, which regulate the currents responsible for the depolarizing spikes of the action potential, and modification of inhibitory circuits subserved by GABAergic interneurons. To date, however, no evidence exists of ERK regulation of Na + channels or inhibitory GABAergic connections. It is important to bear in mind that these actions on excitability likely reside upstream of the NMDA receptor (see Fig. 7 ) and may serve as a firing-pattern dependent gating mechanism that contributes to the induction of LTP.
MATERIALS AND METHODS
Animals were housed on a 12 h-light/dark schedule. All experiments were performed in accordance with the Baylor College of Medicine Institutional Animal Care and Use Committee and with national regulations and policies.
ERK1 knockout and littermate wild-type mice were generated on a mixed 129S1/SvImJ × CD1 genetic background. The genetic background of the subjects used in these experiments was 98% 129/SvImJ following multiple (roughly six or seven) backcrossings. ERK1 null mice and littermate wild-types were shipped from Case Western Reserve School of Medicine and were held at Baylor College of Medicine in quarantine for ∼ 4 weeks. Behavioral testing was begun 1 week following release from quarantine.
129S1/SvImJ mice, ERK1 null mice, and their littermate controls were used in physiology experiments after they were in the behavior studies. In addition, C57BL/6J mice (Baylor barrier) were also used. Unless otherwise stated, C57BL/6J mice, 4-8 weeks of age, were used for all hippocampal slice physiology studies.
Drugs
U0126 was dissolved in DMSO and diluted into saline solution (artificial cerebrospinal fluid [ACSF]; see following) to give the desired final concentration (with a final DMSO concentration of 0.1%). APV (DL-AP5; Tocris) was dissolved in 100 mM NaOH and applied at a concentration of 50 µM. U0126 was a generous gift from James Trzaskos and DuPont Pharmaceuticals. In later experiments, U0126 was obtained through Promega.
Preparation of Hippocampal Slices
Hippocampal slice preparation and electrophysiology were performed as described (English and Sweatt 1996) . Hippocampi of wild-type or mutant mice were rapidly removed and briefly chilled in ice-cold cutting saline (containing 110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 28 mM NaHCO 3 , 500 µM CaCl 2 , 5 mM D-glucose, 7 mM MgCl 2 , and 600 µM ascorbate, saturated with 95% O 2 and 5% CO 2 ). Transverse slices 400-µm thick were prepared with a Vibratome and maintained at least 45 min in a holding chamber containing 50% ACSF (containing 125 mM NaCl, 2.5 mM KCl, 1.24 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 10 mM D-glucose, 2 mM CaCl 2 , and 1 mM MgCl 2 , saturated with 95% O 2 and 5% CO 2 ) and 50% cutting saline. The slices were then transferred to a recording chamber and perfused (1 mL/min) with 100% ACSF. Slices were allowed to equilibrate for 60-90 min in a Fine Science Tools interface chamber at 30°C.
Electrophysiological Characterization

Set-up and Electrode Placement
For extracellular field recordings, glass recording electrodes were pulled from capillary glass using a horizontal electrode puller (Narishige) and filled with ACSF. Input resistance was tested in these electrodes by applying a current pulse, and the tips were broken off until a resistance of 1-3 M⍀ was obtained (R = V/I). Recording electrodes were placed in hippocampal area CA1 in stratum radiatum, stratum pyramidale, or both. Test stimuli were delivered to the Schaffer collateral/commissural pathway with a bipolar Tefloncoated platinum stimulating electrode positioned in stratum radiatum of area CA3. Responses were recorded through a PC using AxoClamp pClamp8 data acquisition software. The maximal slope and peak amplitude of single population EPSPs (downward-deflecting for stratum radiatum recordings and upward-deflecting for stratum pyramidale recordings) were measured online using the data acquisition software. EPSP slope measurements were taken as early as possible after the fiber volley to eliminate contamination by population spikes. For pharmacological studies, U0126 or vehicle were applied for at least 1 h prior to testing and were maintained throughout the recording period.
Input/Output (I/O) Curves
Test stimuli were delivered and responses recorded at 0.05 Hz; every six consecutive responses over a 2-min period were pooled and averaged. Field excitatory postsynaptic potentials were recorded in response to increasing intensities of stimulation (from 2.5 µA to 45.0 µA). For the remainder of the physiological protocol, the test stimulus intensity was set to elicit an EPSP that was ∼ 35%-50% of the maximum response recorded during the I/O measurements.
Paired-Pulse Facilitation
Following I/O curve generation, paired-pulse facilitation, a form of short-term synaptic plasticity, was tested. Two stimulus pulses were applied with varying interpulse intervals ranging from 20-300 msec.
LTP
LTP was induced after at least 20 min of stable baseline recording. Three different stimulation protocols (with stimulation at test stimulus intensity) were used in these experiments:
HFS consisted of two trains of 1-sec, 100-Hz stimulation with an intertrain interval of 20 sec = 200 pulses total.
TFS consisted of 30 sec of stimulation delivered at 5 Hz (200 msec between pulses) = 150 total pulses. TBS consisted of three trains of stimuli delivered at 20-sec intervals, each train composed of 10 stimulus bursts delivered at 5 Hz, with each burst consisting of four pulses at 100 Hz (Larson et al. 1986 ) = 120 total pulses.
Biochemistry Studies
For in vitro biochemistry studies, hippocampal slices were prepared as described earlier for electrophysiological analysis. Slices were first incubated in 50% cutting saline/50% ACSF, followed by incubation in ACSF at room temperature for 1 h; they were then transferred to a static submersion chamber containing 15 mL of ACSF at 32°C. In other experiments, hippocampal slices underwent pharmacological manipulation within the electrophysiology recording chamber. At the desired time point after pharmacological stimulation of hippocampal slices, the nylon screen supporting the slices was removed from the chamber and placed in a glass Petri
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www.learnmem.org dish on crushed dry ice for rapid freezing. In experiments in which drugs were applied in static submersion chambers, slices were quickly transferred to nylon screens before freezing. Area CA1 was dissected with a scalpel blade under a dissecting microscope. These CA1 subregions were then stored at −80°C until they were assayed biochemically.
Western Blotting
Immobilon filters were blocked overnight at 4°C in blocked in BSA-containing Tween/Tris-Buffered Saline (B-TTBS) (in mM: 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 20 µM sodium orthovanadate, 0.05% Tween-20, 3% bovine serum albumin, 0.01% thimerosal), unless otherwise indicated. All antibody applications were done in B-TTBS, unless otherwise indicated. For each of the Western blots described as follows, control blots in which the primary antibody was excluded demonstrated that all ERK immunoreactivities were due to the primary antibody, and were not a result of nonspecific staining of the detection system (data not shown). All blots were probed with primary antibody followed by incubation with secondary antibody, after which they were developed using enhanced chemiluminescence (Amersham). Blots were washed extensively in TTBS after incubations with secondary antibody and second antibody, or Avidin/Biotin Complex (ABC) reagents (typically four washes, each 12 min).
Antibodies
␣-Phospho-ERK
We used two different antisera that selectively recognize phosphorylated ERK MAPKs: an antiphosphotyrosine ERK antiserum (New England Biolabs; raised against a phosphopeptide corresponding to amino acids 196-209 of human ERK1, phosphorylated at tyrosine 204) and an anti-dual-phospho-ERK antiserum (New England Biolabs; selectively detects ERK MAPKs phosphorylated at both threonine 202 and tyrosine 204). Both were used at a dilution of 1:1000. Horseradish Peroxidase (HRP) conjugated secondary antibody was used for detection at a 1:10,000 dilution.
␣-Total ERK
Immobilon filters were incubated with an antiserum that recognizes both ERK1 and ERK2 (anti-ERK1-CT, Upstate Biotechnology; 1:1000 to1:3000), followed by incubation with an HRP-linked goat anti-rabbit IgG antiserum (1:10,000 to 1:30,000).
To prepare for reprobing with a different antibody, we incubated blots at 50°C-70°C in three changes of stripping buffer (62 mM Tris-HCl at pH 6.8, 100 mM ␤-mercaptoethanol, 2% Sodium Dodecyl Sulfate [SDS]) with occasional agitation, for a total of 1 h. The blots were then washed twice for 10 min with chilled TTBS and placed in the appropriate blocking solution in preparation for the subsequent Western blot.
Densitometric analysis of all immunoreactivities was conducted using a StudioScan desktop scanner and NIH Image software as previously described (English and Sweatt 1996; Atkins et al. 1997) . Western blots were developed to be linear in the range used for densitometry.
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